water. Both neutron diffraction and NMR structures were used as starting structures. In absence of an experimental structure, the structure of isomer B was generated by rotating Experimental results initially suggested that isomer B of native sperm-whale myoglobin has a 10-fold higher affinity for Oz than isomer A3. However, subsequent experiments did not show any significant differences in the 02-and CO-binding of native and reconstituted spermwhale or yellowfin-tuna myoglobin.4-b The differences found in the first probably due to unrecognized irreversible oxidation of a fraction of heme, experiment were which resulted in higher apparent binding constants for 02. 4 The Oz affinity is probably modulated mainly by steric and electronic effects depending on the peripheral substituents.7>8 However, the Bohr effect in Chirorzornus thummi thumrni hemoglobins is controlled by the heme rotational equilibrium.g The major form (isomer A) showed a large Bohr effect, whereas the minor form (isomer B) exhibited little or no Bohr effect. Recent molecular dynamics (MD) simulations9>10 of both isomers in sperm-whale myoglobin suggest that the protein matrix induces similar deformations (dihedral angles between two opposite pyrrole rings) of the heme in isomers A and B.
Native sperm-whale myoglobin exhibits heme isomerism, with 5% of isomer B at equilibrium. Many high-resolution crystal structures have been reported for myoglobin, but only the A isomer has been observed in crystal structures 1 and NMR structures. *2 Freshly reconstituted myoglobin consists of a 50:50 mixture of the two isomers and reaches equilibrium over time. The time required for reaching equilibrium depends on several factors, such as species, pH, temperature, etc. 1The Soret CD spectrum of freshly reconstituted myoglobin is only half as intense as that of the native protein, suggesting that isomer B has a weak, or even a negative, Soret CD.5'13 Extrapolation of the linear relation between the Soret CD intensity and the isomeric composition of the reconstituted carbonmonoxy xnyoglobin, as measured by NMR, gave a A&~~of +90 M-l cm-l and -7 M-l cm-l, respective y, for isomers A and B. 14 In order to examine the origins of differences in the Soret CD of the two isomers of myoglobin, we have performed MD simulations of sperm-whale myoglobin in both A and B
forms. The structure of the B isomer, which is not available experimentally, was generated from the structure of isomer A by rotating the heme about the~-'y axis in the heme pocket. The calculated Soret CD spectra of the two isomers are qualitative y similar. The details of the MD analysis and CD calculations have been discussed elsewhere.9'10
The origins of the Soret CD lie in the distortions of the heme and the interaction between chromophores of the heme and the protein matrix. 15In this paper we present the analysis of the i protein-induced distortions of the heme in the MD trajectories for isomers A and B using normal-coordinate structural decomposition (NSD) and another simple measure of heme distortion. We correlate the heme deformations with the calculated rotational strengths. The ruj deformation and the average twist angle of the opposite pyrrole rings, which also measures the i-uf deformation, show a strong correlation with the two Soret transitions of the heme. The total rotational strength, which includes contributions from other chromophores in the protein, shows a weak correlation< METHODS iWD-Simulation.
Molecular dynamics
carbonmonoxy myoglobin in simulations of the two rotational isomers of sperm-whale water have been reported at 300 K using GROMOS96.9'10 The structure of isomer B was generated by a 180°rotation of the heme about the a-y-axis in the protein matrix of isomer A, keeping the heme propionates in the original position of the neutrondiffraction structure (or the NMR structure).
We performed four MD simulations for each isomer, with four different initial velocities, using the neutron-diffraction structure as the starting geometry. This strategy has been recommended for systems with multiple minima, 'G such as proteins, because several shorter trajectories with different initial velocities sample the confirmational space more efficiently than a single simulation of longer duration. One single long trajectory could be trapped in a local energy minimum for a long time and repeatedly explore only a small region of confirmational space. These four MD trajectories of isomer A, generated with the neutron-diffraction structure (   and different initial velocities, are referred to as T 1A, T2A, T3A, and T4A. The corresponding   trajectories of isomer B are referred to as T 1B, T2B, T3B , and T4B, respective y. We have also performed MD simulations with two starting structures taken from the ensemble of twelve NMR structures, 12 structures #l and #8, and these MD trajectories are referred to as T5 and T6, respectively, with the isomer indicated by A and B, e.g., T5A for isomer A with NMR structure #l as the starting geometry. These MD simulations were performed on structures instead of using the average of the twelve NMR structures.
two of the original NMR
In this way, we covered more confirmational space and additionally could monitor the dependence of MD-generated structures on initial distortions. The trajectories T5 and T6 have different starting geometries, whereas trajectories T 1 to T4 have the same starting geometry but differ in their initial velocities.
Intrinsic Rotational Strength
Circular dichroism is the differential absorption of left and right circularly polarized light,
AE=EL-Eã
nd the rotational strength of a transition from the ground state O to excited state a is determined by integrating the intensity under a single band in the CD spectrum, according to 
Normal-Coordinate Structural Analysis
Selected heme structures were analyzed by normal-coordinate structural decomposition (NSD) as described earlier.18'19 Figure 2 illustrates NSD for the heme from the X-ray crystal structure of horse heart cytochrome c. In practice, the computational procedure projects out the deformations along all of the 66 normal coordinates of the porphyrin macrocycle, including both in-plane and out-of-plane modes. Typically for hemoprotein crystal and NMR structures, however, the deformations are only large enough to be statistically significant for the lowestfrequency out-of-plane modes. This is because these modes have the smallest restoring forces and thus tend to have the largest deformations from planarity. For porphyrin crystal structures, which are usually refined to much higher resolution than hemoproteins, the lowest-frequency modes alone do not provide a sufficient description of the structure, 18but for the hemoproteins, a description in terms of the deformations of only the lowest-frequency normal modes is adequate statistically. That is, the error in the structure when the contributions from all of the other modes are neglected is less than the positional uncertainty in the X-ray structure.
Twist-Angle (z)
The virtual dihedral angles between the two sets of opposing pyrrole rings can be used to characterize the overall distortion of the heme. These relate the pyrrole rings A+C and B++D (see Fig. 1 ) and are denoted~Ac and TBD, respectively. These two dihedral angles give a measure of the twist of the pyrrole rings with respect to the heme-plane and are inversely related.
Generally, a positive AC twist (0°<~,4c < 180°) is compensated by a negative BD twist (-180°< 1 Ac < 00), which is a consequence of the constraints of the heme macrocycle. For some small values of TAC and TBD the inverse relation may not be satisfied, but the heme deformations are also small in such cases.
The average twist angle (~) was calculated by averaging the absolute values of the two dihedral angles and retaining the sign of the AC twist angle. The average twist angle shows a strong correlation with the rufling deformation from the NSD analysis. The opposite signs of rAc and TBD occurs for the pro deformation also, but the average pro deformation is much smaller than the ru~deformation.
RESULTS AND DISCUSSION

Heme Distortions-Normal Coordinate Structural Analysis
The major heme deformations that make up the distortion in hemoproteins are rufling prefers the ct and y positions to be above the plane, the conformation of the rotated heme is changed. This rotated structure, with the ot-and y-carbons forced above the plane by the protein, must also be put back into the orientation in Figure 1 (isomer A) for the NSD analysis.
However, when reoriented, the u and y positions are now below the plane, thus changing the sign of the ruffling as indicated in the above relationship. Similar arguments apply for the other deformation types.
In light of the relationships associated with rotational isomerism in the heme site, the differences in structure of isomers A and B seen in the 600-ps averaged structures ( Figure 3) . make good sense qualitatively. Comparing isomers A and B in Figure 3 , we see that ruffling and doming typically have opposite signs for A and B, in agreement with the expected relationships.
Also as expected, the sad and pro deformations have the same signs for isomers A and B.
Furthermore, if the magnitude of the wav(x) deformation is large and wav(y) is small for the B isomer, then wav(y,l is large and wav(x) is small for the A isomer. This is consistent with the switching of x and y in the expected relationships. The relative signs of wav(x) and wav(y) do not usually differ between isomers A and B because these deformations usually have opposite signs for a heme structure. This insures that the minus sign in the relationships for the wave deformation cancels with the relative sign between the deformations, so all we observe is the switching of the magnitudes. From these NSD results, we must conclude that the binding site prefers a particular macrocycle conformation, and that alter the protein's preference for this conformation. 
Heme Distortions-Twist Angle
The average twist-angle z can also be used to characterize the overall heme distortions. for the O -6.4 ps trajectory of T2A, is shown in Figure 6 . Ruffling is a major type of distortion in heme, shows the largest amplitudes and oscillations ( Figure 5 ), and is particularly important in the CD calculations. While it is desirable to characterize each structure from the MD trajectories using the more sophisticated NSD analysis, it is very computationally intensive to perform the analysis on each of the 12000 structures of a 600-ps trajectory; we have 12 such 600-ps trajectories. For this reason, we have also used the simple measure of t for characterizing the heme distortions from the MD trajectories.
The distribution of the twist angles, TAC and ZBD, for the crystal-and NMR-based simulations are shown in Figure 7 . It is clearly evident from this distribution that the positive twist of one set of pyrroles is accompanied by a negative twist of the other set. The strain of the twist from one set of pyrroles, say A++C, on the ring system of the heme macrocycle is relieved by twisting the second set of pyrroles (B++D) in the opposite direction. The range of twist angles is slightly larger in the NMR-based trajectories (&50°) in comparison with the crystal-based trajectories (&450). The main reason for this behavior is the flexibility of the NMR structure as compared to the crystal structure. This is partly due to the "invisibility" in NMR of all but the peripheral atoms of the macrocycle, and partly due to the somewhat looser structure of the protein in the NMR structures.
The differences between the twist angle distributions in the two isomers is also evidenced in Figure 8 , there is bias towards positive twist angles for isomer A, and a more pronounced bias toward negative twist angles for isomer B. As noted previously, these biases have the same net effect but differ in sign because of the 180°rotation about the a-y axis that leads to this interconversion. The net positive intrinsic rotational strength predicted for both isomers is consistent with the similarity of the heme binding pocket for the two isomers. It must be kept in mind, however, that this similarity maybe an artifact resulting from the inadequate starting geometry for isomer B. If a more suitable initial starting geometry can be obtained for isomer B, it is possible that the intrinsic heme rotational strengths for isomer B will be opposite in sign to those for isomer A.
In general, the two orthogonally polarized transitions have intrinsic rotational strengths that are opposite in sign, especially at large average twist angles. Thus, the total intrinsic rotational strength is usually small in magnitude compmed with the rotational strengths of the individual components. Thus, although the individual components may have IRI -2 DBM for twist angles of ca. 20°, the net rotational strengths have maximal magnitudes of -0.5 DBM.
Because of this extensive cancellation and the spread within tie individual components, the net intrinsic rotational strength shows no correlation (r = to.07) with the average twist angle and with ruffling. The average twist angle shows strong correlation with the ruffling deformation and can be used to characterize the overall heme deformation. The intrinsic rotational strengths of the x-
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and y-polarized components of the Soret band correlate well with the ruffling deformation and the average twist angle, but not with other types of deformations. The average twist angle can be used to predict the sign and approximate magnitude of the intrinsic heme rotational strengths.
The calculated Soret CD for the two isomers are qualitatively similar and are similar to the experimental CD for the equilibrium mixture. The similarity of the CD of the two isomers reflects the similar heme deformations in the protein matrix of both isomers in the simulations.
However, this similarity is likely to be caused by a starting structure for isomer B that resembles too closely that for isomer A. lowest-frequency out-of-plane. normal coordinates, i.e., the total distortions"of the structure that best simulates the analyzed structure using only these six deformations.
The Soret rotational strength &~.ti~is the sum of the two transitions Ra.ml and &~-&2. therefore the sign was corrected. Average Twist angle
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